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Tungsten trioxide is one of the potential semiconducting materials used for 
sensing NH3, CO, CH4 and acetaldehyde gases. The current research aims at 
development, microstructural characterization and gas sensing properties of thin 
films of Tungsten trioxide (WO3). In this paper, we intend to present the 
microstructural characterization of these films as a function of post annealing 
heat treatment. Microstructural and elemental analysis of electron beam 
evaporated WO3 thin films and iron doped WO3 films (WO3:Fe) have been 
carried out using analytical techniques such as Transmission electron 
microscopy, Rutherford Backscattered Spectroscopy and XPS analysis. TEM 
analysis revealed that annealing at 300oC for 1 hour improves cyrstallinity of 
WO3 film. Both WO3 and WO3:Fe films had uniform thickness and the values 
corresponded to those measured during deposition. RBS results show a fairly 
high concentration of oxygen at the film surface as well as in the bulk for both 
films, which might be due to adsorption of oxygen from atmosphere or lattice 
oxygen vacancy inherent in WO3 structure. XPS results indicate that tungsten 
exists in 4d electronic state on the surface but at a depth of 10 nm, both 4d and 
4f electronic states were observed. Atomic force microscopy reveals nanosize 
particles and porous structure of the film. This study shows e-beam evaporation 
technique produces nanoaparticles and porous WO3 films suitable for gas 
sensing applications and doping with iron decreases the porosity and particle 
size which can help improve the gas selectivity.  
 
1. Introduction 
Human living standards have grown remarkably in the past few decades due to industrial 
revolution. For the benefit of society, industrialization demands specific gas detection and 
monitoring. Detection of hydrocarbons, oxygen and various gaseous chemicals is vital. 
Industrialization also has a negative aspect on human health due to emission of gases that 
pollute environment and pose risk to public health. Flammable gases also need to be 
monitored to protect against unwanted incidence of explosion or fire. Thus, there is an 
important need for gas sensors to measure the concentration of gases in the atmosphere so 
that appropriate steps can be followed to control pollution or avoid fatal accidents. In order to 
monitor different gases, a variety of gas sensors have been developed commercially. 
Of the different gas sensors, semiconductor based chemiresistor sensors are most investigated 
and widely used for detection of combustible and toxic gases owing to their low cost and 
relative simplicity. The Chemiresistive gas sensor works on the principle of a change in 
electrical resistance due to an interaction between the semiconductor and the gas. Various 
oxides, such as, semiconducting oxides (SnO2, ZnO, WO3, In2O3) [1-4], catalytic oxides 
(V2O5, MoO3, CuO, NiO) [5-8] and mixed oxides (LaFeO3, ZnFe2O4, BaTiO3 and 
Cd2Sb2O6,8) [9-13] have been investigated for gas sensing properties and many more oxides 
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are now currently being explored. The gas sensing properties of these oxides are determined 
by their intrinsic properties, however, can be modified by addition of impurities and 
modifying the microstructure including particle size, orientation and distribution, surface 
morphology and porosity [14, 15]. The operating temperature strongly influences the 
sensitivity of the sensor [16] since the reactions occurring at the surface of the sensor 
(chemisorption/redox reaction) are functions of temperature. Use of additives such as Pd, Pt, 
In, Cu, Nb, Mn, Si to improve the sensor response has been extensively reported in the 
literature [17-19]. 
Tungsten trioxide (WO3) is a well-known n-type semiconductor with a band gap of 2.6 eV 
that has been used not only in catalytic/photocatalytic [20], electrochromic applications [21] 
but also in solid state gas sensors. It has been successfully used to detect NH3, H2S, NO2, O3, 
H2 and VOC. However, it is less sensitive to carbon monoxide and hydrocarbons [22]. Iron 
addition lower than 10 at% to WO3 films prepared by reactive RF sputtering produced an 
enhancement in sensor response when exposed to NO2 [23]. Iron addition was found to be 
advantageous in sensing ozone, CO and ethanol. NO2 and humidity sensing characteristics of 
WO3 thin films prepared by vacuum thermal deposition and subsequent annealing in the 
temperature range of 300-600oC were investigated by Xie et al [24]. It was found that NO2 
sensing was strongly dependant on annealing and working temperature. 
Various techniques used for deposition of semiconducting oxide films include solgel, 
chemical vapor deposition, advanced gas deposition and physical vapor deposition [25-30]. 
Each deposition technique has its own limitations. In the present work, tungsten oxide thin 
films were deposited by electron beam evaporation (EBE). This technique can produce 
nanostructured films with higher porosity that are suitable for gas sensing applications. Small 
amount of Iron (10 at%) were added to WO3 films by co- evaporation. The deposited films 
were characterized by HRTEM, RBS and XPS. 
 
2. Experimental Details  
Pure WO3 and co-evaporated WO3:Fe thin films were deposited by electron beam 
evaporation technique on 12 mm x 12 mm glass substrate. Prior to deposition the glass 
substrate was thoroughly cleaned with acetone. WO3 pellet (99.9%) purity with a diameter of 
10 mm and 99.9% purity Fe were used as target materials for evaporation. The WO3 was first 
baked in oven at 800oC for 1 hour in vacuum to remove any moisture in the material before 
evaporation. The co-evaporation of two materials is enabled by dual electron guns in the e-
beam evaporator. The WO3 and Fe targets were placed separately in two copper crucibles in 
wate4r-cooled copper hearth of the two electron guns for evaporation. The WO3 target and Fe 
were heated by means of an electron beam obtained by heating of tungsten filament cathodes. 
Two independent power supplies were employed to heat the tungsten filaments. The distance 
between substrate and source target was kept at 40 cm normal. The chamber was evacuated to 
a base pressure between 1.3x10-4 to 1.3x10-3 Pa and an accelerating voltage of about 4 kV 
was used during evaporation. 
Film thickness was monitored using two independent quartz crystal monitors for WO3 and 
Fe. The metal oxide layer was grown at an average evaporation rate of 1.0 A/s. the 
evaporation rate of Fe with WO3 was about 0.1A/s. Various films with thickness between 100 
nm and 500 nm have been deposited at room temperature. In this paper the properties of 200 
nm and 100 nm for the WO3 and WO3:Fe films, respectively have been reported. In order to 
enhance the crystalline properties of the films annealing was performed on some films at 
300oC for 1 hour in air. These films were characterized by High resolution transmission 
electron microscopy for their thickness and morphology, X-ray photoelectron spectroscopy 
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for elemental analysis and Rutherford backscattered spectroscopy for film evolution during 
deposition. 
3. Results and Discussion 
Film thickness measurement using quartz crystals during deposition indicated the thickness to 
be of the order of 200 and 100 nm for WO3 and WO3:Fe films, respectively. Two samples of 
WO3 and WO3:Fe were studied to understand the effect of Fe co-evaporation on the 
microstructure of the film. 
TEM samples were obtained by preparation of circular discs followed by grinding, dimpling 
and ion milling. These samples were used for cross sectional analysis of the film. 
Figure 1 shows the TEM image of WO3 film. The film appears to be uniform with an 
approximate thickness of 200 nm which corresponds to the measured thickness of 200 nm 
during deposition. 
       
(a)                                                                      (b) 
Figure 1: TEM images of WO3 film annealed at 300oC for 1 hour. 
 
Selected area diffraction pattern of annealed WO3 film is shown in Figure 2. This diffraction 
pattern indicates that the film is crystalline. The crystalline nature which consists of 
continuous rings is an indication of its crystalline character. It appears to be a result of 
annealing performed at 300oC for 1 hour. 
      
(a)                                                                       (b) 
Figure 2: Selected Area Diffraction pattern of WO3 film annealed at 300oC for 1 hour,  (a) 
Location of interest, (b) Corresponding SADP. 
 
In order to check the uniformity of the film, Selected Area Diffraction Pattern (SADP) was 
obtained at different locations which yielded the same nature of the film. Figure 3 shows 
SADP at another location, resembling the same characteristics as in Figure 2. 
 
Selected area for 
diffraction pattern 
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(a)                                                              (b) 
Figure 3: Selected Area Diffraction pattern of WO3 film annealed at 300oC for 1 hour, 
(a) Location of interest, (b) Corresponding SADP. 
 
Figure 4 shows the TEM images of WO3:Fe film. This film also appears to be uniform but 
having a different morphology in comparison to WO3 film. The average film thickness was 
found to be approximately 100 nm, which is approximately same as the measured thickness 
of the film during deposition. However, the morphology appears to be different from WO3 
film. Globular structure is observed, which might be due to addition of small amount of Fe. 
 
     
(a)                                        (b) 
Figure 4: TEM images of WO3 film annealed at 300oC for 1 hour. 
 
Figure 5 shows SADP (Fig. 5a) and diffraction patterns (Fig. 5b) for WO3:Fe film. Even 
though, the diffraction pattern indicates a continuous ring, it appears from the variable 
intensity of the diffraction pattern that the film has a crystalline character. This continuous 
diffraction rings could be due to the very small particle size of WO3:Fe film. 
 
     
(a)                                                                 (b) 
Figure 5: Selected Area Diffraction pattern of WO3:Fe film annealed at 300oC for 1 hour, 
(a) Location of interest, (b) Corresponding SADP. 
Selected area for 
diffraction pattern 
Selected area for 
diffraction pattern 
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TEM analysis for WO3:Fe film was also performed by scratching the film and depositing it 
on carbon grid. Figure 6 shows TEM image and the diffraction pattern of scratched film of 
WO3:Fe sample. Continuous rings are also seen in this case which indicates that the film is 
crystalline (Figure 6b). 
     
(a)                                                          (b) 
Figure 6: TEM image and selected Area Diffraction pattern of WO3:Fe film annealed at 
300oC for 1 hour, (a) Area of Interest, (b) Corresponding SADP. 
 
The elemental analysis of WO3 and WO3:Fe films is shown in Figure 7. WO3 film shows 
sharp peaks of tungsten and oxygen whereas in WO3:Fe film, Fe peaks are observed in 
addition to W and O. Presence of oxygen peaks might be due to adsorbed oxygen on the 
surface. Although peaks for other elements are also observed such as K, Ti and Zn, they have 
very small intensity, either due to impurity or similar crystallographic structure. 
Figure 8 shows the data obtained by Rutherford Backscattered Spectroscopy analysis and 
corresponding depth profile of WO3 film. The presence of oxygen on the surface is 
significant as is observed from its high concentration. It can either be the adsorbed oxygen 
from the environment or due to lattice oxygen vacancies created within the film. 
 
         
 
(a) WO3 film                                              (b) WO3:Fe film 
Figure 7: Elemental analysis of WO3 and WO3:Fe films annealed at 300oC for 1 hour. 
 
Selected area for 
diffraction pattern 
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(a) RBS spectrum                                             (b) Depth profile 
Figure 8: RBS spectrum of WO3 film annealed at 300oC for 1 hour. 
 
Figure 9 shows the data obtained by Rutherford Backscattered Spectroscopy analysis and 
corresponding depth profile of WO3:Fe film. This film also contains high concentration of 
oxygen on the surface. However, no traces of iron were detected in this sample. It might be 
due to the fact that the concentration of iron is very low near the surface and could not be 
detected. 
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(a) RBS spectrum                                             (b) Depth profile 
Figure 9: RBS spectrum of WO3:Fe film annealed at 300oC for 1 hour. 
 
A comparison of Figure 8a and 9a indicates that the films have different thicknesses, which 
suggests that the larger the thickness, the broader the peaks. 
X-ray photoelectron spectroscopy was employed to determine the electronic states of the 
elements present in WO3 and WO3:Fe thin films with analyzer pass energy of 160 eV and 1 
eV steps. Wide XPS scans for WO3 and WO3:Fe films at the surface are shown in Figures 10 
and 11 respectively. 
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Figure 10: XPS scans at the surface of WO3 and WO3:Fe films. 
WO3-Fe film 
WO3 film 
At surface of WO3 film At surface of WO3-Fe film
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Figure 11: XPS scans WO3 and WO3:Fe films at a depth of 10 nm. 
Table 1 shows the elemental composition of WO3 and WO3-Fe thin films at the surface and at 
a depth of 10 nm. It appears that oxygen is present at the surface in abundance with carbon 
and nitrogen in both the films. Presence of carbon and nitrogen at the surface may be 
attributed to surface impurities. Tungsten is found to exist in 4d electronic state at the surface 
as well as in the bulk. 
Table 1: Elemental composition of WO3 and WO3:Fe films at surface and depth of 10 nm. 
At  surface At 10 nm depth 
WO3 thin film WO3-Fe thin film WO3 thin film WO3-Fe thin film 
Element at% Element at% Element at% Element at% 
O 1s 44.05 O 1s 47.24 O 1s 73.44 O 1s 57.59 
C 1s 44.87 C 1s 35.37 C 1s 2.18 W 4d 36.09 
N 1s 3.81 N 1s 2.28 N 1s 2.18 Fe 2p 5.96 
W 4d 7.28 Fe 2p 1.55 W 4d 22.20   
  W4d 13.56  
 
The survey scan of WO3 film shows peaks of oxygen, carbon, nitrogen and tungsten and iron 
in addition to these elements in case of WO3:Fe thin film. At a depth of 10 nm in WO3 thin, 
O, C, N and W were found but with different atomic percentage. In case of WO3:Fe thin film 
at a depth of 10 nm , nitrogen and carbon are absent. These elements may be present on the 
surface as impurity.  High resolution scans were also obtained for WO3 thin film with 
analyzer pass energy 20eV and step size 0.05 eV. Figure 12 shows the narrow XPS scans of 
WO3 thin film. The electronic states were found to be 1s for O, 1s for N, 1s for C and 4f for 
W. The peak for W 4f was observed at 36.08 eV which corresponds to the binding energy of 
W 4f state. The tungsten 4f state could not be detected in elemental analysis but narrow scans 
reveal two close peaks, one for 4d state and the other for 4f state.  This analysis gives a clear 
picture of the electronic states of the elements present in the coating and is very helpful in 
understanding the stoichiometry of the film. 
Figure 13 shows AFM images of WO3 and WO3:Fe sensors annealed at 300oC for 1 hour. 
The particle diameter (film roughness) were 9 nm (2.6 nm) and 12 nm (2.9 nm), for WO3 and 
WO3:Fe films respectively. The optical band-gap energy of the WO3 film was 3.12 eV and 
this value was reduced to 2.61 eV after iron doping (WO3:Fe).  
At 10 nm depth of WO3 
 film 
At 10 nm depth of WO3:Fe 
 film 
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Figure 12: Narrow XPS scans for WO3 thin film sample. 
 
(a) WO3 film                                              (b) WO3:Fe film 
Figure 13: AFM images of WO3 and WO3:Fe films. 
4. Conclusion 
This is an initial attempt to characterize WO3 thin films which offers a great potential in gas 
sensing applications. The microstructure and morphology of these films plays an important 
role in gas sensing mechanism. WO3 and WO3:Fe films have been analyzed using HRTEM, 
RBS and XPS. Both the films show a fairly good degree of cyrstallinity after annealing at 
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300oC for 1 hour. These films appear to be uniform and thickness measured by TEM 
corresponds to values obtained during deposition. Oxygen was found to be present on the 
surface of these films, which might be due to adsorbed oxygen from atmosphere or due to 
oxygen vacancy defects inherent in WO3 bulk. Tungsten seems to exist in 4f electronic state 
as observed from high resolution scan using XPS. AFM imaging showed that film contains 
nanoaparticles which can offer a high surface area. 
From the above work, it appears that e-beam evaporation of WO3 produces nano-particles 
and porous films suitable for gas sensing application. The addition of Fe indicates a decrease 
of the porosity and particle size and this structure might improve the gas selective of the 
tungsten oxide film. 
 
5. Acknowledgement 
The authors deeply acknowledge the support provided by Australian Institute of Nuclear 
Science and Engineering (AINSE) for the financial support to perform TEM and RBS studies 
and Queensland University of Technology for supporting research activities. 
 
6. References 
1. Panchapakesan B., DeVoe D. L., Widmaier M.R., Cavicchi R. and Semancik S., 
Nanotech., Volume 12, 2001, p 336. 
2. Solis J.L., Saukko S., Kish L.B., Granqvist C.G. and Lantto V., Sensors and 
Actuators B, Volume 77, 2001, p 316. 
3. Korotcenkov G., Sensors and Actuators B., Volume 107, 2005, p 209. 
4. Nanto H., Minami T. and Takata S., Journal of Applied Physics, Volume 60, 1986, p 
482. 
5. Liu J., Wang X. Peng Q. and Li T., Sensors and Actuators B, Volume 115, 2006, p 
481. 
6. Mutschall D., Holznewr K. and Obermeier E., Sensors and Actuators B, Volume 35-
36, 1996, p 320. 
7. Frietsch M., Zudock F., Goschnick J. and Burns M., Sensors and Actuators B, 
Volume 65, 2000, p 379. 
8. Hotovy I., Rehacek V., Siciliano P., Capone S. and Spiess L., Thin Solid Films, 
Volume 418, 2002, p 9. 
9. Zhao S., Sin J.K.O., Xu B., Zhao M. Peng Z. And Chai H., Sensors and Actuators B, 
Volume 64, 2000, p 83. 
10. Xiangfeng C., Xingqin L. and Guangyao M., Sensors and Actuators B., Volume 55, 
1999, p 99. 
11. Holc J., Slunecko J. and Hrovat M., Sensors and Actuators B, Volume 26-27, 1995, p 
99. 
12. Zhou Z. G., Tang Z.L., and Zhang Z. T., Sensors and Actuators B., Volume 93, 
2003, p 356. 
13. Gao F., Liu Y. and Liu X., Sensors and Actuators B, Volume 77, 2001, p 653. 
14. Jimenez I, Arbiol J., Dezanneau G., Cornet A. and Morante J.R., Sensors and 
Actuators B: Chemical Proceedings of the Ninth International Meeting on Chemical 
Sensors, Volume 93, 2003, p 475. 
15. Zakrzewska K., Vacuum proceedings of the International Workshop on Surface 
Physics: Metals on Solid Surfaces, volume 74, 2004, p 335. 
16. Ihokura K. and Watson J., "The Stannic Oxide gas sensor", CRC Press, Inc., 1994. 
16th Conference on Nuclear and Complementary Techniques of Analysis, 25-27 November, 2009, AINSE, Lucas 
Heights 
17. Ippolito S.J., Kandasamy S., Kalantar-zadeh K. and Wlodarski W., Sensors and 
Actuators B, 108, 2005, p 154. 
18. Ruiz A.M., Cornet A., Shimanoe K., Morante J.R. and Yamazoe N., Sensors and 
Actuators B, Volume 109, 2005, p 7. 
19. Korotcenkov G., Macsanov V., Brinzari V., Tolstoy V., Schwank J., Cornet A. and 
Morante J., Thin Solid Films, Volume 467, 2004, p 209. 
20. Lietti L., Alemany J.L., Forzatti P., Busca G., Ramis G., Giamello E., Bregani F., 
Catalists Today, Volume 29, 1996, p 143. 
21. Gransqvist C.G., Handbook of Inorganic Electochromic materials, Elsevier, 
Amsterdam, 1995. 
22. X. Wang, N. Miura, N. Yamazoe, “Study of WO3 based sensing materials for NH3 
and NO detection”, Mat. Sci. Eng. B 41, 1996, 178-181. 
23. Comini E., Pandolfi L., Kaciulis S., Faglia G. and Sberveglieri G., "Correlation 
between atomic composition and gas sensing properties in tungsten-iron oxide thin 
films", Sensors and Actuators B, Volume 127, 2007, p 22. 
24. Xie G., Yu J., Chen X. and Jiang Y., "Gas sensing characteristics of WO3 vacuum 
deposited thin films", Sensors and Actuators B, Volume 123, 2007, p 909. 
25. Cantalini C. et al., Sensors and Actuators B: Chemical Materials for Sensors, 
Volume 31, 1996 , p 81. 
26. Sivakumar R., Jayachandran M. and Sanjeeviraja C., Materials Chemistry and 
Physics, Volume 87, 2004, p 439. 
27. Siciliano T., et al., Sensors and Actuators B: Chemical, Volume 133, 2008, p 321. 
28. Choi Y.G., Sakai G., Shimanoe K., Miura N. and Yamazoe N., Sensors and 
Actuators B: Chemical, Volume 95, 2003, p 258. 
29. Hoel A., Reyes L.F., Heszler P., Lantto V. and Granqvist C.G., Current Applied 
Phyisics Volume 4, 2004, p 547. 
30. Song S.K. et al., Sensors and Actuators B: Chemical Volume 46, 1998, p 42.  
